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infected canids exhibited reduced microbial diversity, altered community composition, and 23 increased abundance of opportunistic pathogens. The primary bacteria comprising these 24 secondary infections were Staphylococcus pseudintermedius, previously associated with canid 25 ear and skin infections, and Corynebacterium spp, previously found among the gut flora of S. 26 scabiei mites and hematophagous arthropods. Considered together, this evidence suggests that 27 mange infection consistently alters the canid skin microbiome and facilitates secondary bacterial 28 infection. These results provide valuable insights into the pathogenesis of mange at the skin 29 barrier of North American canids and can inspire novel treatment strategies. By further adopting 30 a "One Health" framework that considers mites, microbes, and the potential for interspecies 31 transmission, we can better elucidate the patterns and processes underlying this ubiquitous and 32 enigmatic disease. 33
INTRODUCTION 34
Sarcoptic mange has been termed a "ubiquitous neglected disease" (Hengge et This variation scales to the population and species levels, where sarcoptic mange can exist as an 46 enzootic parasite that imposes persistent, low levels of morbidity, or an epizootic parasite that 47 causes dramatic mortality events in virulent outbreaks (Mörner 1992 Given the pervasive variability of this neglected disease, additional studies are needed to 75 assess the universality of these trends. We contributed to these efforts by characterizing the skin 76 microbiome of mange infection across three species of North American canids: coyotes (Canis 77 latrans), red foxes (Vulpes vulpes), and gray foxes (Urocyon cinereoargenteus). Canids present 78 an ideal system for these analyses, as they are among the primary species affected by sarcoptic 79 mange in North America (Niedringhaus et al. 2019 ). Due to the divergent evolutionary histories 80 of these three genera, we anticipated species-specific differences in microbial community 81 composition of healthy and infected individuals. However, given their similar ecologies, we 82 predicted consistent responses to mange infection that included decreased species richness and 83 altered community abundance favoring pathogenic bacteria. 84
85

MATERIALS & METHODS 86
Sample and data collection 87
We opportunistically collected samples from coyotes, red foxes, and gray foxes admitted 88 to licensed wildlife rehabilitation centers between January 2017 and April 2019. Sample metadata included sampling date and location, primary reason for admission, 97 species, sex, age, weight, and mange status. We assessed mange severity by assigning each 98 individual to a mange class corresponding to the percentage body area that exhibited symptoms, 99 such as lesions, crusts, or alopecia. Uninfected individuals were assigned to Mange Class 0, with 100 Mange Class 1 defined as 0-5% of the body covered, Mange Class 2 by 6-50%, and Mange Class 101 3 by more than 50%, following (Pence et al. 1983) . 102
We collected swabs from five body sites ( Figure 1 ) that included the external ear, dorsal 103 flank, outer back leg, axilla, and groin. We used a sterile BBL TM swab to sample the skin at each 104 body site, rotating the swab tip by 90º every 10 strokes for 40 swab strokes total (Rodrigues We calculated alpha and beta diversity metrics using the core-metrics-phylogenetic and 146 alpha-rarefaction functions in QIIME 2. To correct for differences in read depth, we rarefied 147 samples to 5,153 sequences for the full dataset (n=125 samples) and 17,693 sequences for a 148 composite dataset where samples were grouped by individual (n=25 grouped samples). Read 149 depths were chosen to retain all samples for analysis. 150
To examine within-sample diversity, we calculated the Chao 1 Index for species richness 151 and Pielou's Evenness Metric for species equitability. For between-sample differences, we used 152 fasttree to construct a rooted phylogenetic tree of taxonomic features and calculated Unweighted 153 To assess the statistical significance of compositional differences, we used two 168 complementary approaches for differential abundance testing: analysis of composition of 169 microbes (ANCOM) and gneiss balances. ANCOM calculates the log-ratio between pairwise 170 combinations of taxa and sums how many times the null hypothesis is violated (Mandal et al. 171 2015) . Gneiss calculates log transformed ratios (termed balances) between groups of taxa 172 arranged in a hierarchical tree through correlation clustering (Morton et al. 2017 ). Ordinary least 173 squares (OLS) regression can subsequently be used to test for differences between infection 174 groups. Both analyses require a composition artifact as input, with additional filtering necessary 175 to remove taxonomic features that occur in fewer than 10 samples or have frequencies below 50. 176
We implemented each analysis with our composite dataset where samples were grouped by 177 individual, and queried results using the NCBI BLASTn online tool (Altschul et al. 1990). 178
179
RESULTS 180
Amplicon sequencing and data processing 181
We sequenced 153 samples collected from 15 coyotes (mange-infected=9, uninfected=5, 182 unknown=1), 13 red foxes (mange-infected=8, uninfected=5), and 2 gray foxes (mange-183 infected=1, uninfected=1). The full dataset contained 4,397,629 raw reads, which reduced to 184 3,911,712 sequences after denoising (Supplemental Table S1 ). The denoised dataset contained 185 11,800 unique taxonomic features, whereas the OTU datasets contained 6,137 (de-novo), 5,456 186 (closed reference), and 8,106 (open reference) features at 97% percentage identity. Proceeding 187 with the denoised dataset, we removed 28 samples due to incorrect body sites (n=7), treatment 188 prior to sampling (n=11), low read counts (n=5), and unknown mange status (n=5). We performed significance testing for alpha and beta diversity on our composite dataset 208 to determine which metadata categories were predictive of microbial community structure. 209 Across metrics, mange infection was the variable most strongly associated with differences in 210 alpha and beta diversity ( Supplemental Table S2 ). Although sex appeared significant, further 211 analyses showed non-independence between sex and mange status (Chi-square test, Χ 2 =4.039, 212 p=0.04), due to a disproportionate number of infected males. All other categories exerted 213 minimal effects of community structure. We therefore analyzed the full composite dataset for 214 subsequent analyses and used mange infection status as our variable of interest. 215 216 217
Mange-infected canids exhibit decreased diversity and community evenness across species 218
We observed significantly reduced species richness (Kruskal-Wallis test; Chao 1 Index, 219 H=10.711, p=0.001; Figure 3A Table S3 ). Supplemental Table S4A ). Although not statistically 241 significant, feature e3e89166daa575e51d7a14bc65f11153 exhibited the second highest number 242 of rejected null hypotheses (W=21) and matched Corynebacterium spp. (class: Actinobacteria; 243 Supplemental Table S4B ). identity exerted a far stronger effect on microbial community structure than did local habitat 283 (Knowles et al. 2019 ). We therefore anticipated divergence between the skin microbiome of our 284 three focal species, as coyotes, red foxes, and gray foxes derive from different genera within 285
Canidae. 286
Counter to this expectation, we found minimal differences between skin microbial 287 communities across species, sampling locations, years, and ages. Instead, mange infection status 288 was the primary factor associated with microbial community structure within our dataset. This 289 suggested two primary hypotheses. The first posits that shared evolutionary history and 290 contemporary ecology of these species leads to similar skin microbiomes, as seen in gut 
